THIRTY-THREE species of reptiles were federally listed as threatened or endangered in the United States in 1994, and six additional species were listed as vulnerable or rare in the IUCN Red Data Book. Unfortunately, there is little demographic data available for many of these species, making it difficult to develop population models that can guide management plans. Although management alternatives that will increase habitat and/or survival rates may be easy to visualize, the potential impacts of various alternatives may not be obvious. When time and resources are limited, it may be desirable to rank management plans according to their potential benefit for species recovery and cost effectiveness (Heppell et al., 1996a). Analytical methods for calculating the proportional effects of changes in particular vital rates (fecundity, growth, survival) have been used to evaluate population models and the effectiveness of management plans for freshwater turtles (Wilbur, 1975; Congdon et al., 1993; Cunnington and Brooks, 1996) , tortoises (Doak et al., 1994), and sea turtles (Crouse et al., 1987; Heppell et al., 1996a Heppell et al., , 1996b . These analyses involve relatively simple life tables and population matrices but still require age-specific annual survival rates, fecundities, and growth probabilities. This may be particularly problematic for reptiles and amphibians, which have multiple life-history stages that occupy a variety of habitats and niches (Harless and Morlock, 1979; Wilbur and Morin, 1988; Iverson, 1991a). Also, reptiles and amphibians tend to be less well studied than mammals and birds, and many reptiles have generation times that far exceed the average research funding cycle. How then can we make preliminary recovery plans with such limited biological information?
One obvious solution is to model potential management impacts on similar, well-studied species (Van Buskirk and Crowder, 1994; Heppell et al., 1996a). However, it is unclear whether phylogenetic relationship, morphological similarity, or similarity in some life-history characteristic is likely to be the most important factor in matching data from well-studied species to those of conservation concern. For example, is it best to test possible management scenarios for poorly known Berlandier's tortoises (Gopherus berlandieri) on a model population of congeneric gopher tortoises (Gopherus polyphemus) or yellow mud turtles (Kinosternon flavescens), which have a similar age at maturity, clutch size, and lifespan (Iverson, 1991b)? This paper will develop a method for predicting similarities in life table characteristics across species, thereby giving managers a way to predict the relative effects of a particular management plan on the population growth rate for poorly known species.
MATERIALS AND METHODS
Life tables are simple descriptions of age-specific survival and fecundity. By making the crit-? 1998 by the American Society of Ichthyologists and Herpetologists ical assumption that annual vital rates are relatively constant for each age class, we can use the life table to calculate the proportion of the population that is in each age class, the average number of mature female offspring produced by each female (RO), mean generation time, and the asymptotic growth rate of the population (the intrinsic rate of increase, r). A life table can be converted into a two-dimensional matrix, providing analytical methods for quickly calculating population characteristics, including the effect of small changes in model parameters (Caswell, 1989) .
A useful calculation for qualitative evaluation of management proposals is an elasticity analysis of a deterministic matrix model, which gives the proportional change in the annual population multiplication rate [X, where loge(k) = r] given a proportional change in age-or stage-specific survival, growth, or fecundity. This analysis allows us to compare the relative effects of proportional change in one or more life-history stages. For example, an elasticity analysis can reveal whether a 20% increase in hatchling survival will have the same population-level impact as a 5% increase in adult survival. I compared the elasticity values from life tables of a variety of turtle species in search of predictable patterns across taxa.
I examined a number of life tables from the literature and technical reports (Table 1) . Life tables present the proportion of individuals remaining in a cohort after each year (survivorship, I4) and the number of female offspring produced by females in each age class each year (fecundity, mx). This fecundity term is an annual average that includes an interbreeding interval for those species that do not nest every year. In some cases, more than one life table was presented for a particular species or population (e.g., Frazer et al., 1990), and in others, agespecific survival and fecundity rates were given without a complete life M2x,y). By calculating the proportional change in X, we can compare the effects of proportional changes in fecundity and annual survival, which are on different scales (Caswell, 1989) . In general, management plans impact a lifehistory stage rather than a particular age group (e.g., reducing incidental trawling mortality in sea turtles increases survival probabilities for large juveniles, subadults and adults, spanning a number of age classes; Crowder et al., 1994) . To compare the proportional effects of increasing annual survival in different life stages, I summed the elasticities for those years designated by stages denoted juveniles, subadults, and adults. Many of the life tables I analyzed did not designate the number of years spent as juveniles versus subadults, which should be based on size or habitat preference. I arbitrarily separated juveniles from subadults based on survival probabilities; subadults were those animals that experienced higher and/or more consistent annual survival probabilities (Table 2) .
RESULTS
Life-table elasticities.-The elasticities for most freshwater turtles were very similar, in spite of differences in age at maturity (Fig. 1) . Adult survival had the greatest influence on k for all life tables, whereas fecundity elasticity was always very low. The summed juvenile and subadult survival elasticities varied, depending on the number of years spent in each stage. In all cases, adult survival elasticity was far greater than fecundity/first year survival elasticity. In the desert tortoise and sea turtle models, juvenile and subadult survival elasticities were relatively much higher, and outranked adult survival elasticities in the two loggerhead populations (Fig. 2) . Unlike the freshwater species, a large proportion of the sea turtle populations occurs in the juvenile stages. Thus, if management impacts were predicted to result in a 5% increase in annual survival for a particular sea turtle stage, it would be best to invest in plans that enhanced survival of subadults (U.S. loggerheads) or juveniles (Australian loggerheads) rather than adults. The results for desert tortoises are different; adult survival still has the highest elasticity, but subadult survival also has a large proportional effect on population growth.
Within-population elasticities.-The qualitative patterns generated by elasticity analysis can be robust for a given population, even when vital rates from one set of data are considerably different from those in another set (Fig. 3) . Be- (1990, 1991) presented three different life tables for common mud and slider turtles, representing "best," "worst," and "average" scenarios (Tables 1-2 ). Both populations showed qualitatively similar elasticities across the three scenarios, in spite of large differences in annual survival probabilities. Adult survival had the highest elasticity for all three cases; and although juvenile and subadult survival elasticities increased from worst to best scenarios, the same general pattern could be inferred from all three models.
Between-population elasticities.-Two life tables for snapping turtles (Congdon et al., 1994; Cunnington and Brooks, 1996) showed qualitatively similar elasticity patterns with very high adult annual survival elasticity (Fig. 1) . However, the elasticity patterns generated by three life tables for painted turtles were different due to large differences in vital rates (Fig. 4) pendent on net reproductive rate (Ro) and survivorship to maturity (la). A proportional change in the annual survival rate of any prereproductive age class will equally affect X, due to the commutative property of multiplication. For example, a 5% increase in age-i survival has the same effect on survivorship to maturity as a 5% increase in age-2 survival: lo = l X GI X G2X G3 X . . and long-term census data, the proportional effect of changing fecundity or any age-specific survival rate can be approximated without a complete life Table 3 ). The complete life tables for these three species include an increase in survival and/or fecundity with age. Although age-specific elasticities decline after first reproduction, once they are pooled into a single "stage" there is very little difference between the age-based matrix elasticities and those generated by equation (6). The poorest approximation was for the snapping turtle life table, which had low fecundity values for subadults aged 11 and 12 to account for early-maturing individuals.
To demonstrate the usefulness of the approximation technique, I predicted the stage-specific elasticities for a number of turtles compared in a recent paper by Shine and Iverson (1995; Table 4). I assumed stable populations for the analysis (K = 1.0) and summed Efe across all preadult age classes. Species with high adult annual survival (> 0.9) also had very high adult survival elasticities. However, juvenile elasticity outranked adult elasticity for some species with late maturity, such as Gopherus polyphemus. This is in part due to the large proportion of a population in the preadult age classes for species that take many years to reach maturity. Thus, a change in the juvenile survival rate may affect a much larger proportion of the population than a similar change in adult annual survival, provided that the change affects all preadult age classes.
DISCUSSION
Many researchers have explored the similarities of life-history characteristics across species, phylogenetic groups, and body sizes and examined correlations between characters such as fecundity and age at maturity, age at maturity and adult lifespan, and so on (Stearns, 1992 Crowder (1994) found some similarities in the reproductive characteristics of related sea turtle species but also found considerable variability within species. Because of strong differences in the reproductive traits of different populations, these authors cautioned against a "general" sea turtle population model. I found that elasticity patterns can be quite different for congeneric species and perhaps even populations of the same species (e.g., painted turtles) due to differences in estimates of age at maturity and adult survival rate. As initial management and research guides, models should be applied to species with similar lifehistory characteristics.
Calculating elasticities allows us to compare the effects of a proportional increase in a lifehistory stage. In practice, management options will have different levels of impact. et al., 1996a) . However, successful captive rearing programs can produce large cohorts to "boost" a recovering population once its principle source of decline has been identified and reduced.
I have compared and approximated elasticities of simple age-based models with adults grouped into a single stage. The models are deterministic and assume that the populations are at a stable age distribution, where the proportion of individuals in each age class is constant over time. Naturally, this assumption is not met in most populations, and elasticities should be compared with caution. Because elasticities represent relative contributions to X, large perturbations in annual survival may not translate directly into proportional changes in population growth [equation (7)]. Finally, variable growth rates and stage-specific habitats suggest that turtles, like other poikilotherms, should be classified by size rather than age. However, the agespecific methods described here could be applied to stage-based models that have been converted to age, as described by Cochran and Ellner (1992).
Age-specific elasticities can be approximated algebraically if adult annual survival, age at maturity, and population growth rate can be estimated. This information may still be difficult to attain for many species, but a range of possibilities could be plotted to predict which life stages are most critical to population recovery. Particularly problematic may be the population multiplication rate, which is often calculated from the life table itself. However, long-term censusing may give a general idea of whether a population is increasing or decreasing, and many life-history analyses assume that vital rates reflect stable populations. The approximation method should be regarded as a way to guide initial research and management efforts before more complete demographic data are available. Future research and monitoring of adaptive management programs will help resolve whether simple, deterministic models can adequately predict population responses to conservation efforts and perturbations.
Long-term field studies are critical to effective management and recovery of endangered or threatened species (Congdon and Dunham, 1994) . Models that produce quantitative population projections, probabilities of persistence, and the impact of variability on population size and structure ultimately are needed for proper management (Soule, 1987; Shaffer, 1990; Meffe and Carroll, 1994). Until complete data are available, the equations I present provide a way to compare life histories and determine which life stages have the greatest influence on population growth. Elasticity analysis can suggest which demographic variables need the greatest research. Once a set of management alternatives has been evaluated and initiated, additional data are necessary to produce predictive models and to monitor the impacts of human intervention.
